To investigate the combustion characteristics of engines for marine use, tests conducted on various combinations of fuel nozzles and piston bowls using single-cylinder diesel engine with a cylinder bore of 165mm.The effect of individual factors on NOx and Smoke were confirmed by changing engine speed and brake torque. It provided information on the difference in combustion characteristics depending on the piston bowl shape.
Introduction
Diesel engines for marine use are used with engine speeds and brake mean effective pressures which widely vary according to their operating conditions even though they have the same bores. Also, there are cases where engines with the same bores have different rated speeds under constant rated power. In such cases, it is necessary to seek the optimum combination of elements of parts related to the combustion of engines in order to properly control exhaust emissions from engines such as NOx emissions and black smoke.
The last paper 1 ) reported on the results of combustion tests on a single-cylinder engine with a bore of 165 mm with the purpose of a reduction in NOx emissions. These tests were conducted varying only elements of the fuel injection and combustion chamber systems having influence on the combustion of the engine. Another paper2) also reported on the results of combustion tests concerning the relation between NOx emissions and smoke density in the wide operating range in which engine speed and torque were varied. These tests were conducted combining several kinds of combus-tion chamber shapes and various fuel nozzles.
After that, the influence of engine speed on NOx emissions was evaluated in the wide range in which engine speed and torque were varied. Next, combus-tion tests were conducted keeping maximum power constant, reducing engine speed by 337o and increasing * Translated from Journal of MESJ Vo1. 29, No. 11 (Manuscript received Februarty 28, 1994) Lectured October 14, 1993 ** Daihatsu Diesel Mfg. Co., Ltd.
(45,Amura-cho, Moriyama, Siga Prefecture) brake mean effective pressure (Pme) to around 2 MPa. During these tests, four kinds of combustion chambers with the same compression ratios were combined with various fuel nozzles having different nozzle hole diameters and the number of nozzle holes. This paper reports on NOx emissions, smoke density and specific fuel consumption characteristics which were measured during these combustion tests.
Test Equipment and Test Conditions

Test Equipment
The test equipment is the same as what was used for the test reported by the last paper 1). Fig. 1 shows the single-cylinder engine and auxiliary machinery. Auxiliary machinery is composed of the charge air and exhaust gas, fuel, 1ubricating oil, cooling water, and starting air system s.
Charge air has been supplied to the cylinder after having been compressed by a screw compressor and heated to desired temperature by an air heater. NOx emissions from diesel engines greatly vary when properties of fuel oil and air related to combustion change3).For this reason, the absolute humidity of charge air to be supplied to the cylinder has been adjusted to values of 2 to 6g/kg-dry air for this test. For the exhaust gas system, exhaust back pressure has been properly adjusted with an orifice and exhaust gas reservoir. The s moke density Ds and NOx emissions have been measured at the exhaust gas duct where the fluctuation of exhaust gas flow has no influence on the above.
The test engine is of a single-cylinder type with a bore of 165mm, a stroke of 180mm, four valves, and a direct injection system. Fig. 2 shows relationships between engine speed and output. On this operation map, the operating range AU (i = 1 -3,j = I -4) specifies the set maximum output of the engine to be 75 kW at 1 800rpm (Al 1). The operating range Bj (J = 1 -4) specifies the set maximum output to be 75kW at 120O rpm (Bl). Brake mean effective pressures are I .3NIPa at All and 2MPa at B1. Fig. 3 shows four kinds of combustion chamber cavity configurations and they have the same compression ratios of 14.5. The combustion chambers SD l,SD2, and SD3 are of a shallow dish type and the R is of a re-entrant type. Combustion characteristics such as NOx and smoke density have been evaluated combin-ing five kinds of fuel nozzles from A through E shown in Table 1 and four kinds of combustion chambers.
Test Conditions
Test Results
NOx characteristics in the operating range Aij
In the separate paper2), combustion characteristics in the wide range were evaluated in the operating range Aij. 
Combustion Characteristics in the
Operating Range Bj <Combustion chamber variation tests> Fig. 5 compares NOx I 3 and the smoke density Ds in cases where the fuel nozzle E has been combined with four kinds of combustion chambers in the operating range Bj. The following characteristics can be seen from this figure. In the characteristics of the shallow dish type, smoke density levels are high and NOx 13 1evels are low in the whole load range (B1 _ B4) in the case of the combustion chamber SD3 having the largest cavity diameter. Smoke density levels of the SD1 and SD2 are approximately the same and the difference between them is smal1 over the whole load range. The smoke density levels of the combustion chamber R are higher than those of the combustion chambers SD 1 and SD2, but they are lower than those of the SD3. NOx13 1evels of the combustion chamber R are in between those of the SDl and SD3. Values of the smoke density Ds are shown in percent by a Bosch type smoke meter in relation to unused white paper (07o). The charge air pressure and fuel injection rate at each load from Bl to B4 have been determined so as to be suited to each load in order to compare combustion characteristics of various combustion chambers.
<Fuel nozzle variation tests in case of the combustion chamber R> Fig. 6 shows characteristics of NOx13 and the smoke density Ds in cases where the combustion chamber R has been combined with the fuel nozzles B and E. Their total nozzle hole areas Me almost the same. In the case where the combustion chamber R has been combined with the fuel nozzle B which has the smaller number of nozzle holes with larger diameters, the smoke density Ds is low over the whole load range (B1 -B4) and Nox 13 is at almost the same levels as those for the nozzle E in the high load range. <Combustion characteristics of various fuel nozzles> Fig. 7 shows the smoke density Ds/NOx 13 and the change in specific fuel consumption A be (7o)/NOx 13 relationships at the operating point B2 in cases where various combustion chambers have been combined with various fuel nozzles. In the case where the combustion chamber SD3 has been combined with three kinds of fuel nozzles, the specific fuel consumption and smoke density are better in case fuel nozzle diameters are smaller. In this case, a change in NOx 13 is comparatively smal1. In case of the combustion chamber R, NOx 13, the smoke density Ds and specific fuel consumption are almost the same as those for the fuel nozzles A, B, and E. <Fuel injection timing variation> Fig. 8 shows the smoke density Ds/NOx 13 and the change in specific fuel consumption A be (7o)/NOx13 relationships at the time of fuel injection timing alteration in cascs where the reentrant type R has been combined with the fuel nozzle B and the shallow dish type SD2 with the fuel nozzle E. The operating point is B2. In cases of both combustion chambers R and SD2, (20) Bulletin of the M.E.S.J., Vo1. 23, No.2
NOx 13 reduces by about 50% when the fuel injection timing 0inj is relatively retarded by 8 degrees. However, the specific fuel consumption worsens by 4 to 67o.
Conclusion
In the range of this test, no big difference in combustion characteristics could be seen even though the combustion chamber R has been combined with various fuel nozzles. Shallow dish type combustion chambers have also shown characteristics equal to those of the combustion chamber R when they have been combined with appropriate fuel nozzles. It has been recognized anew that the retardation of fuel injection timing is particularly effective for reducing NOx 13 sharply .
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Discussion
[Shinryo Temmura (Toyama National Mercantile Marine College)]
It can be seen that NOx reduces by about 507o and the specific fuel consumption worsens by 4 to 67o when the fuel injection timing is relatively retarded by 8 degrees. I would like to ask you if you conducted experiments besides this angle and also to know the reason for selecting it.
[Author's reply]
As shown in the separate paper 2) quoted in this paper, the target of NOx reduction is 507o in the range of this test. It is possible to attain this target by retarding fuel injection timing by around 8 degrees from the properly tuned timing. For this reason, a retardation of 8 degrees has been selected.
As can be clearly seen from test results, the specific fuel consumption and smoke density worsen even though NOx reduces by 507o. The further optimization of the fuel injection and combustion chamber systems is considered important in order to improve the specific fuel consumption and smoke density and to reduce NOx emissions.
